A SIMPLE APPARATUS FOR THE EXPERIMENTAL STUDY OF
NON-STEADY FLOW THRUST-AUGMENTER EJECTOR CONFIGURATIONS

J. M. Khare* and J. A. C. Kentfield+
Department of Mechanical Engineering
Faculty of Engineering
University of Calgary
Calgary, Canada

ABSTRACT

Some advantages of non-steady flow ejectors as thrust augmenters
are reviewed briefly. It appears that the main benfits to be derived from
non-steady flow ejectors stem from the relatively small primary-to-secon-
dary (cross-sectional) area ratios, and short "mixing" lengths, required,
For prescribed thrust augmentation ratios, compared with those of steady
flow ejectors. The fundamental benefit of a non-steady as compared with a
steady flow ejector results from the nature of the process by which energy
is transferred from the primary to secondary streams. In a non-steady
flow ejector a component of pressure-exchange is involved in addition to
the conventional mixing processes of steady flow ejectors. It is shown
that the combined pressure-exchange flow-mixing mechanism presents sub-
stantial analytical difficulties even for so called one-dimensional systems
in which the primary stream intensity, but not direction, is modulated.
This suggests the need for an adaptable test rig to investigate experimen-
tally the performance of non-steady flow ejectors.

A flexible, and easily modified, test rig is described which
allows a one-dimensional non-steady flow stream to be generated, economically
from a steady flow source of compressed air. This non-steady flow is
used as the primary stream in a non-steady flow ejector constituting part
of the test equipment. Standard piczo-electric pressure transducers ctc.
allow local pressures to be studied, as functions of time, in both the
primary and secondary ("mixed") flow portions of the apparatus. Provision
is also made for measuring the primary and secondary mass flows and the

thrust generated. Sample results obtained with the equipment are presented.
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NOMENCLATURE

a

D

acoustic velocity
internal diameter of primary flow channel
length of primary flow channel

mass flow

-1
dimensionless Riemann variable [= a - (Y ) - )
a 2 a
ref ref
dimensionless Riemann variable [= 4+ el l) LR
a 2 a
ref ref

static pressure
stagnation pressure

normalised pressure [= —E—]
ref
time
t aref

normalised time [= I ]

fluid (particle) velocity

u

]

normalised velocity [=
ref
distance along primary channel from rotary valve

normalised distance [E-%]

gap between primary and secondary channels
normalised gap [= %]
m

mass flow ratio [= T§'

mP

pressure parameter: (pD - PS)/(PP -P)

S
augmentation ratio: (thrust with augmenter)/(thrust due to pri-
mary mass flow when expanded isentropically from receiver-to-
surroundings pressure)

augmentation ratio: (thrust with augmenter)/(thrust duc to pri-—

mary stream with augmenter present)
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® augmentation ratio: (thrust with augmenter)/(thrust due to

primary stream with augmenter removed)

Subscripts

D exit of secondary flow channel
P primary stream

S secondary stream

ref reference conditions
INTRODUCTION

The renewed interest, in recent years, in the use of ejectors as
thrust augmenters appears to have arisen because of remarkable progress in
the field of ejector design which allows (static) thrust augmentation ratios
(¢) in the region of 2:1 to be achieved in practice (1,2,3,4). One of the
problems of modern, improved, high augmentation ratio ejectors is the large
area ratio required. A primary-to-secondary area ratio of approximately
24:1 is necessary in order to achieve a (static) thrust augmentation ratio
of about 2:1 (1,2,3,4).

The possibility appears to exist of utilising unsteady-flow
ejectors of relatively modest area ratio to achieve ¢ values in the region
of 2:1. On the basis of available experimental data, for one type of non-
steady flow ejector, a primary-to-secondary area ratio of only about 6:1
will be necessary to achieve a ¢ value approaching 2:1 (5). When consid-
cration is given to the fact that, for the device in question, flow passes
through the primary nozzle for only about 50% of the ejecter runmning time,
it can be seen that it should be possible to reduce the secondary duct
cross-sectional area, for a prescribed value of ¢, to about half that
necessary for a comparable steady flow system.

The inherent advantage of non-steady flow ejectors appears to
stem [rom the nature of the primary-to-secondary stream energy transfer
process which, for most types of non-steady flow ejectors, seems to involve
a component of pressure-exchange. Pressure-exchange is an cnergy transfer

process, independent of mixing, in which the primary and secondary flows
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interact via an interface normal, or substantially normal, to the (local)
flow direction. Quantitative prediction of the flow field in the secondary
zone becomes particularly difficult when the pressure-cxchange mechanism

is combined intimately with mixing. This situation appears to prevail in
most non-steady flow ejectors and suggests the desirability of an exper-

imental approach to performance investigation.

There are at least three classes of ejector in which orpganised
non-steady flow is an essential feature of the device. Each type is
illustrated diagrammatically in Fig. 1. 1In every case the primary stream

is the source of the flow non-steadiness.

Crypto-Steady Ejector

Perhaps the best known form of thrust augmenter involving non-
steady flow (at least flow which is non-steady relative to a stationary
observer) is the crypto-steady device due to Foa (6,7,8). 1In this system,
illustrated in Fig. 1(a), "pseudo-blades" formed from fluid issuing from
orifices in a self-driven, freely spinning, hub constitute the primary
stream of the ejector. This type of machine, which is axi-symmetric,
relies upon the "pseudo-blades'" pumping the secondary flow somewhat along
the lines of a turbo-machine with, of course, the important difference
that the blades are non-rigid and are not attached to the hub. In part, at
least, ecnergy is transferred from the primary to the secondary stream by
pressure-exchange. Presumably both the primary and secondary streams
leave the apparatus at least partially mixed. An inherent advantage of
the Foa device, relative to some other types of non-steady flow ejector,

is that the expansion of the primary flow can be executed efficiently.

Oscillating Jet Ejector

A form of non-steady flow device which is not constrained to be
axi-symmetric is an ejector in which the primary flow oscillates laterally
in the sccondary flow zone: a device of this type is shown in Fig. 1{b).
Preferably, from an operational view point, the primary stream is caused to
oscillate by fluidic means thereby eliminating the need for mechanical

moving parts. Again a pressure-exchange mechanism can be secn to come into

328



play in the transfer of energy between the primary and secondary flow. It
appears that a major problem of the oscillating jet system is irreversibili-

ty in the fluidic primary nozzle (9).

One~Dimensional Non-Steady Flow Ejector

Perhaps the most simple form of non-steady flow ejector is that
in which the intensity of the primary stream is modulated as a function of
time. An ejector of this type is shown in Fig. 1(c). It was an ejector
of this kind, subjected it seems to but little prior development, which
was shown, by Lockwood (5) to be capable of producing a basic augmentation
ratio, ¢B’ of 1.95:1 with a primary—to—ejector—thrust area ratio of only
2.2:1. Lockwood used a flow converter which converted a steady flow into
four, separate, non-steady streams one of which constituted the primary
stream of the ejector. The thrust augmentation ratio ¢ was substantially
lower than ¢B due to losses in the conversion device. However the best
converter performance coefficient obtained was 0.91 (5). The converter
performance coefficient was defined by Lockwood to be the time-averaged
non-steady flow thrust (without the augmenter) divided by the thrust which
would be obtained by expanding the same primary mass flow, isentropically,
to the surroundings pressure. The value of ¢A lay between the values of
¢B
flow.

and ¢: the presence of the augmenter obviously affected the primary

It would seem, therefore, that provided an efficient means can
be found to generate the non-steady primary stream, an ejector of the type
shown in Fig. 1(c) can be very effective. In the case of an application
as a thrust augmenter for a pulse-jet, for example, the ejector primary
stream (i.e. outflow from the pulse-jet) is modulated in intensity auto-
matlically and this problem vanishes. For applications in which the pri-
mary stream originates from a steady flow source a spinning primary jet,
on the lines of that of Foa's ejector (6), entering sequentially a cluster
of secondary flow channels, Fig. 2, may be acceptable for some thrust aug-
menter applications. The rigorous phase control of such a system may
serve to minimise noise and vibration both of which tend to be problems
with non-steady flow equipment.

The merits of one-dimensional (dynamic) pressure-exchange processes
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are, when isolated from the complexities associated with significant mixing,
well understood and are amenable to analysis by the method-of-characteris-—
tics as applied to non-steady flows (6,10). In fact when a machine is
designed to utilise dynamic pressure-exchange processes exclusively it
is possible to achieve isentropic efficiencies of expansion and compres-
sion comparable, at least for some operating conditions, with those of
turbines and compressors (10,11,12). The dynamic pressure-exchanger
counterpart of an ejector 1s a machine termed an equaliser. However this
device appears to be relatively unattractive as a large-scale thrust aug-
menter because of the size, and complexity, of the major moving ccmponent
(11,12).

A special test rig was constructed in order to assist in ob-
taining an understanding of devices of the type shown in Fig. 1(c¢) in
which internal events represent a combination of pressure-exchange and

flow mixing.

A prime consideration during the conceptual stage of planning the
test rig for testing one-dimensional type ejectors was that the device should
make efficient use of the primary flow available. This prevented the appli-
cation of a multi-channel flow converter as used by Lockwood (5) and it is
believed, although it is not stated explicity, also by Johnson and Yang (13).
Another important factor was that the time-averaged thrust generated should
be measurable, by simple means, with instrumentation etc. connected to the
apparatus. It was, therefore, decided to use a suspended-plate type thrust
meter. The thrust meter essentially turned through a right angle all flow
impinging on the plate normal to the working face. A justificaticn for the
use of this type of thrust measuring device will be found clsewhere (14).

Other considerations were that it should be possible to measure
the (average) primary and secondary mass flow rates, the pressures and
temperatures of both the primary and secondary flows (i.e. reservoir
conditions) and pressures, as a function of time, within the primary and
secondary flow channels. It was felt that the provision of a heated air
supply for the primary stream would have been desirable but to.equip the

apparatus with this facility would have complicated the system substantially.
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Accordingly no provision was made to control the temperature of the pri-
mary, or secondary, stream. The apparatus is shown in diagrammatic form
in Fig. 3.

Figure 4 shows details of the slotted, drum-type rotary valve
used for creating the pulsing primary flow. The valve was driven by a
variable speed electric motor (Fig. 3). The transition section, connecting
the rotary valve stator to the primary tube, and the primary tube itself

are shown in Fig. 5. Further details of the apparatus are available (15).

ANALYSIS OF PRIMARY-TUBE FLOW

One of the first tasks undertaken with the rig was to compare
actual with theoretical pressure ~ time traces in the primary tube. In
this way it should be possible to detect any major shortcomings of the
simple rotary valve mechanism as these should show up as major discrepan-
cies between the theoretical (predicted) and actual (measured) pressure
or time records.

Figure 6 shows a wave diagram (method-of ~characteristics) con-
structed,ignoring wall friction, for the flow within the primary tube. Two
operational‘cycles are depicted, the first cycle (duration At'cyCle l) was
based on uniform initial conditions, with the air at rest, within the primary
tube at t' = 0. The second cycle was constructed with its initial conditions
bascd on the final conditions of the first cycle. The second cycle should,
therefore, be much more representative of the cyclic operation of the ap-
paratus. Figures 7 and 8 show theoretical and experimental pressure traces
in the primary tube at x = 2" and x = 10" respectively. For the case of
the theoretical prediction (solid line) the pressure trace is shown for
cycles 1 and 2. For the experimental case (dotted line) the comparison
is made with the second cycle since this is more representative of cyclic
operation, the conditions for which the experimental measurements were
made. Figures 7 and 8 implied that the operation of the rotary valve
appeared to be quite satisfactory. Figures 6, 7 and 8 correspond to a

nominal design-speed operation of the rotary valve at 1800 rev/min. The
L]

design speed of the rotary valve was based on a cycle duration of Atcycle 2
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The ratio of the primary-flow settling-tank pressure to the
surroundings pressure was 1.5:1. This value was invoked in the construc-
tion of the wave diagram (Fig. 6) and was maintained constant for all the

tests carried out with the apparatus.

SAMPLE RESULTS FROM EJECTOR TESTS

For preliminary tests of the complete ejector system three, simple,
augmenter ducts were made, each of uniform diameter, provided with a bell-
mouth at the upstream end. The augmenter ducts were each 20 inches long,
equal to the length of the primary tube, and were not provided with dif-
fusers. The internal cross-sectional area of each augmenter tube divided

by the internal cross-sectional area of the primary tube were as follows:

Augmenter Duct # 1 : 3.35
Augmenter Duct # 2 : 5.35
Augmenter Duct # 3 : 9.40

The initial tests were generally of an exploratory nature and were
not intended to produce optimised performance characteristics. The first
operational parameter Investigated was the influence on performance of
valve speed. This investigation was carried out using Augmenter Duct #1.
The influence of valve speed on the thrust produced is shown in Fig. 9.

From this diagram it can be seen that the thrust of the system increases
steadily as the valve speed 1is increased from 50% to 150% of the nominal
design-speed of 1800 rev/min. Exactly the opposite influence of valve speed ‘
is apparent in Fig. 10 which shows the ratio, B, of the secondary (induced)
mass flow to the primary mass flow. It is apparent from Fig. 11 that the
pressure parameter 6, representing the non-dimensional pressure-gain, is

a maximum at the design valve-speed. The sensitivity of 6 to a variation
of valve speed is quite strong.

The results of a simple investigation to establish the optimum
axlal gap, z, between the open end of the primary tube and the face of
the bellmouth of the augmenter duct are presented in Fig. 12. The diagram
shows that B 1s relatively insensitive to changes in z'; the optimum value
of z' is about 1.3. The finding that B is maximised with a positive value
of z' is, qualitatively at least, in agreement with the findings of Lockwood

(5).
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It remains to offer an explanation of the performance character-

istics displayed in Fig. 9 and 10.

Figure 13 presents simplified wave (left hand side) and state
(right hand side) diagrams constructed to show that the effective primary
tube exit velocity can be expected to increase as the valve speed increases.
The wave and state diagrams at the top of the figure depict conditions in
the primary tube when the valve is operating at its design speed. The
outflow velocity is represented by point 3, in the u -~ a chart, for 50%
of the cycle duration with a low velocity inflow, state point 1, for the
remainder of the cycle.

The lower palr of diagrams in Fig. 13 shows what happens when
the valve 1is operated at twice the design speed. The outflow velocity for
50% of the cycle duration is given by state point D (a velocity much greater
than that corresponding to state point 3 in the upper diagram) and for the
remainder of the cycle the inflow velocity, noted in the upper diagram,
is reduced to zero (state point B). The consequence of doubling the valve
speed is, therefore, to increase very substantially the average flow vel-
ocity, and hence the mass flow, through the primary tube.

The foregoing characteristics offer an explanation of the increase
of thrust with increasing valve speed apparent in Fig. 9 and, at the same

time, account, in part, for the trend observed in Fig. 10.

CONCLUSTONS

Three classes of non-steady ejectors were surveyed briefly and it
was found that the one-dimensional type, sometimes also known as a pulse-
jet ejector, offered considerable promise in that it appears to permit a
reduction in the secondary, or augmenter, duct cross-sectional area to about
half that of a steady flow ejector of equal augmentation ratio.

It was further concluded that because of uncertainties associated
with the analysis of the flow field in pulse-jet ejectors an experimental
technique was preferred to a wholly theoretical one for investigative per-
formance analysis. An apparatus designed specifically for studying the

performance of pulse-jet ejectors was described and sample test results
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were presented. It was found that these results were, in general, in

accordance with theoretically based expectations.
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(a) Crypto-Steady, or Spin-Jet, Ejector (Foa).

(b) Ejector with Oscillating Primary Jet,
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(c) One-Dimensional, or Pulse-Jet, Ejector,

Fig. 1 Types of Non-Steady-Flow Thrust-Augmentation Ejectors,

336



‘qny 8ur3ie3joy A[991J ® UO PIIUNOl S9[2ZON wWoxJ JuInsSs] pInTd LKIBWTIg
yits partddng si10309{37 moTg Apesig-uUON TEUOISUSWIJ-3UQ DPaIa3IsnI)

Tt -T2

/

—_— T

T

¢ ‘811

337



TeIULWTI9dXT oYl JOo JusweBueaay STIEWSYDS Teasuad

4nssa4d 4OQUIDYD  FUIWUIDIIUT

LUJEG&U ﬂﬁUErS.dLu.ﬁN

(Pay3noulag)

‘snyeaeddy

26nvb sunssauy

Buigny Jaddos ‘a0 g

Fuo3 Swyeg 7

£ *81a

A

2n[TA [043u0)

R ,.%r: m.m%/
/ S

£I32W030Y 403v)nbas aunsso4d

‘A 2A[oA jo43u0)

(a1 ) 29n3 _oouw $S3{UI03s
" favpuodag (a1,%)2qn;
19935 Ssajurvys.
Raowidy
432U IsNay L ) q b4
\ \ L ~N -
4?22npsuvay U018
?.4nssa.d UOIPSUDA
Lo:bmdaEd A
2baoyd
432NpPsuvs
24n5594d Wv.»wav @
adoaso|13s0
€ as3rwowsayy
A[PA D[FFO4Y 4PPAOIISIA

1777777777777
Gn3 14N U3,

ynow||ag

J23awouvwt Jo30m PIUI UL

1] asyowowasyy:
ap/on fzas0g
L8
4?39Ulowaoy |
anjon fuvjoy

buydnos 35045 2pexayy

4030w wds 2|qO1IvA

338



ALL DIMEISIDNG I IWCHES

MATZRIAL: M S.

Fig. 4 Rotary Valve Details,
339




‘2qn]L £IBWII4 9Y3 PUB UOTIDSS UOTITSUBAL Y3 JO STIeIaq ¢ *814

TATILS SSTUNIVIS (AVITIAVA

e

od
\

(4 o 235)

Sun

J4IWNTOUIND OuD VIsmiaq
W s3Fsed ypm shais

NG SO POy &3 D9, T WO
ot L wim 0012 9° 013
#0 Y} X Buw savods o

<Bplos Jan[s

93¢ %1 vo smausW.g

8L ATYNIED

-oqny Rovwsad u.Mu ©] DPAINOI ¥ 03 W1

U013ME unrsuDLy go

O} PIUIIYS 3G 0} 91 WOI0NE UONTIUBY )

403038

Pu? Pumn 2) SaY30 L 3

anon Assyos

)
-
(o]
2]

"NOILOFS NOILISNVRL

SINON M SORISNGNG 1Y

‘_m_(. _uV_T:’.
!
- o—+to9 T
_~ R
L A Ty Ll
- o~ 0 H+t+-0 v 3 M Es
. DU ] m i
o _
— p—t=0
\‘I."L
dnp¥remam %o

340



-n
o
b
o
&
&
'°¥."\

At' vawve winm i
-.\‘>,'

ol
<t
<
o
0o
5
4

»-
Bl
>

Ak’ Lann
SHANNNNNNNNN .-

cyeie | 1
R
o

At'yaLve opeN

-
=]
o
)
o

a o

AL 'vaivg widTh >

>
<
o
)

O_A
X
N

(o]

g

.
3
|¢ 200 3l

Fig. 6 Predicted Flow Field, for the First (Start-Up) Cycle of
Operation, in Primary Tube on x' ~ t' Plane. Rotary
Valve at Left Hand End of Primary Tube.

a_.f = 1120 ft/s (340 m/s)

341



€O = vhe commances Lo opan.
KO = Vale ful»‘ opan.
CC.» Yalve commences Lo close.

£.C = Yolva fully clesed.

\\\’

SNAONNNNNNNN \\3\\\‘\ SANNAN
s " 0, %
S
XL
o

AE’YALVE OPEN T

c.o. ‘\ 0 \\ ko

Pat ZEW-FNT

Atynez (23:676)

o

Fobcc. |

’
- ?s"
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